In polygynous mammals, males generally benefit more from extra allocation of maternal resources than females. However, limitations to sex-specific allocation are usually ignored. We propose the 'allocation constraint' hypothesis, whereby maternal resource allocation is more likely to follow life-history predictions in single sex litters than in mixed sex litters, due to limitations in prenatal resource targeting. Consequently, for polygynous species, males in mixed litters are likely to receive suboptimal maternal investment, which may have a negative effect on lifetime reproductive success. We test this hypothesis for the saiga antelope (Saiga tatarica), a highly polygynous species with the highest level of maternal allocation reported among ungulates. At such high reproductive output levels, the limitations on additional investment in males are likely to be particularly acute. However, we demonstrate high levels of sexual dimorphism in both late-stage foetuses and newborn calves, including within the same litter. Male twins with a brother tended to be heavier than those with a sister. This may be due to allocation constraints or differences in maternal quality. We conclude that an explicit focus on potential constraints can enhance the progress in the field of sex-specific maternal allocation in polytocous species.
INTRODUCTION
In polygynous mammals, the factors determining reproductive success differ strongly between the sexes, resulting in different evolutionary trajectories for males and females (Darwin 1871; Trivers 1972; Clutton-Brock et al. 1982) . Females are primarily selected for their ability to raise offspring, with the largest allocation of resources during late gestation and lactation (Clutton-Brock et al. 1989) . In males, however, body size appears to be a more important determinant of reproductive success due to strong malemale competition during short mating seasons. Since only the largest males are successful in reproduction, reproductive success is more variable in males than in females (Clutton-Brock et al. 1988) . Hence, fitness is more strongly correlated with body mass at birth in males than in females (Kruuk et al. 1999) . Life-history theory predicts that in polygynous mammals, male offspring benefit more from extra allocation of maternal resources than females ( Trivers & Willard 1973; Charnov 1982) . However, the extent to which this is a favourable reproductive tactic typically varies with maternal condition (Hewison & Gaillard 1999; West et al. 2000; Sheldon & West 2004) , timing of breeding in seasonal environments (Holand et al. 2006) and litter size ( Frank 1990) .
Interspecifically, the level of resources females invest in their offspring varies greatly; typically smaller species invest relatively more compared to their body mass ( Robbins & Robbins 1979) . Within ungulates, the maternal investment spectrum ranges from mountain goats (Oreamnos americanus) with very small prenatal investment (Byers & Moodie 1990) to pronghorn (Antilocapra americana) with strong prenatal investment, where twinning is common and litter weight accounts for 15.5% of adult female body mass on average (Robbins & Robbins 1979) . It has been suggested that in species with high investment in offspring, mothers are not able to invest additionally in sons and hence no sex-biased maternal investment would be expected (Byers & Moodie 1990 ); we shall refer to this as the 'big spender constraint' hypothesis (previously referred to as the 'Byers and Moodie' hypothesis in Byers & Hogg 1995) .
The theory is more complicated for species with more than one offspring per reproductive attempt. This is because parents may obtain higher reproductive success by aiming for a larger litter size rather than adjusting the ratio of investment among sons and daughters ( Williams 1979; McGinley 1984; Gosling 1986; Frank 1990) . As the number of offspring sharing limited parental resources increases, the fitness return for both the sexes is predicted to eventually equalize because the extra fitness return from an increase in litter size outweighs the fitness return difference between the sexes ( Frank 1987 ( Frank , 1990 . For multi-offspring litters, Williams (1979) suggests that as maternal reproductive investment increases, litters should switch from being small and female biased to become large and male biased in the following sequence: F!M!FF! FM!MM!FFF, and so on. Only few studies with relatively small sample sizes have addressed this issue (Cassinello & Gomendio 1996; Nygren & Kojola 1997; Fernandez-Llario et al. 1999; Säde 2004) . However, Williams (1979) made no predictions for within-litter investment nor have the empirical studies to date addressed this matter.
When resources are shared among several individuals within a litter, their condition not only depends on factors affecting the litter as a whole, but also on within-litter interactions, such as sibling rivalry or hormonal interactions ( Fernandez-Llario et al. 1999; Carranza 2004; Uller 2006) . Similarly, when siblings vary in sex, maternal investment should be sibling-specific. But there are likely to be limitations in the ability of a mother to differentially provision individual foetuses within the uterine environment. Such limitations are likely to be particularly acute when siblings are not of the same sex and are thus expected to have a different optimal weight. Nonoptimal investment levels in mixed litters are likely to put the sibling with the higher optimal weight, generally the male, at a disadvantage. Even a relatively small decrease in male birth weight is likely to have an amplified negative effect on reproductive fitness in polygynous mammals (Clutton-Brock et al. 1988) . Based on these limitations, we predict that for multi-offspring litters, allocation in single sex litters (e.g. FF, MM) is more likely to follow life-history predictions than in mixed sex litters e.g. FM (referred to as the 'allocation constraint' hypothesis). As a result, siblings with higher optimal weight are likely to receive suboptimal levels of maternal investment in mixed litters. In polygynous mammals, we would hence expect a male from a mixed litter to be at a disadvantage compared with a male from a single sex litter. Generally, offspring from mixed litters are predicted to fit less well with current theory on investment levels due to allocation constraints.
The saiga antelope (Saiga tatarica) is a migratory ungulate of the semi-arid steppe and desert regions of Eurasia with high levels of sexual dimorphism (adult male/female body mass: 1.44; females: 28.1 kg, males: 40.6 kg; Fadeev & Sludskii 1982) and frequent twinning (twinning rates from 25 to 65%; this study, Fadeev & Sludskii 1982) . They are 'big spenders'; litter mass at birth accounts for, on average, 16.9% of maternal body mass (up to 38% when triplets are included). This exceeds the level reported for pronghorn and is among the highest levels of reproductive output reported for ungulates (Robbins & Robbins 1979; Fadeev & Sludskii 1982) . The saiga's life-history characteristics are unique and ideally suited for investigating sex allocation. In this study, we present the first test of the allocation constraint hypothesis and test the big spender constraint hypothesis on saigas. Furthermore, we examine whether the observed allocation pattern follows the sequence predicted by the Williams (1979) hypothesis. During 2003 During -2005 in Kalmykia, the population was at historically very low numbers and births were concentrated in one aggregation within the reserve; the species as a whole is currently listed as critically endangered on the IUCN red list due to a more than 90% decline in numbers over the last 10 years or three generations (IUCN 2006 ). During 1966 -1978 , the Kazakhstan saiga population was abundant, stable and commercially hunted (Bekenov et al. 1998) . Hence, a comparison between these datasets may reveal fundamental life-history characteristics, which constrain saiga reproductive allocation in a range of circumstances.
MATERIAL AND METHODS

Saiga
(a) Calf data Data on saiga antelope calf body mass (Salter Little Samson scale, 6 kg!100 g), sex, age (hours), litter size as well as date and GPS position (Garmin eTrex) were collected during calving (2003) (2004) (2005) . A total of 1141 calves were captured, of which 625 (335 males and 290 females) contained no missing values for the analysis presented (table S1 in electronic supplementary material). For the first few days after birth, saiga calves remain bedded down on the ground and can be captured during this period (mean capture age (in hours) 24.41G0.63 (s.e.), range 1-72, nZ832). After initial observations by car of both the location and spread of the birth aggregation, a straight-line transect route was selected with the aim of crossing the area of highest concentration of calves. GPS-guided transect route location varied daily in position and direction to account for aggregation movement. Transects were walked by three people, each 25 m apart, covering a width of approximately 75 m and length of 8-10 km. Distance judgement was repeatedly trained within the reserve prior to fieldwork. Transects started outside the calving area, crossed the assumed centre and terminated if no calf was caught over at least 2 km. Disturbance was minimized through the involvement of local scientists and rangers expert in handling calves. Adult females return to feed their calves only in the early morning and late afternoon while the calves are hiding, thus transects were conducted between 11.00 and 15.00 to minimize disturbance. Previous studies suggest that these techniques have negligible effects on calf survival (Grachev & Bekenov 1993 ).
Saiga calf siblings remain closely together for the first few weeks after birth, and calf densities were generally sufficiently low to distinguish singletons, twins and triplets. The only exceptions to this were calves in particularly dense areas of the aggregation for which litter size could not be unambiguously determined (2004, nZ16; 2005, nZ209) ; these were subsequently excluded from analyses involving litter size. Calves were aged using a combination of behavioural and physiological indicators designed and tested during past saiga fieldwork (Lundervold 2001; Lundervold et al. 2003) . Owing to the non-invasive sampling methods, employed because of the conservation status of the species, no data on individual adult females were obtained.
(b) Foetus data Herds of saiga antelopes were driven into corrals by motorbikes and cars during culls in mid-April to early May 1966-1978 aimed specifically at scientific investigation, but using the standard methods employed in the commercial harvest (Bekenov et al. 1998) . The timing of the cull meant that females were heavily pregnant. The date and number of foetuses per female were recorded for all females. For the majority of culled females, age was determined and for a subset, the gutted weight was determined using a hanging balance. To estimate a female's age, jaws were collected and taken back to the laboratory for detailed age estimation using tooth eruption and tooth wear analysis (Bannikow 1963; Lundervold et al. 2003) . Sex was recorded for almost all foetuses and weight for the majority; however, foetus length, height at front leg and height at back leg were determined only for a relatively small sample. A hanging balance was used and foetus weight determined accurately to 100 g.
(c) Statistical analyses
We analysed variation in (ln) body mass of offspring and (ln) total litter mass using linear mixed effect (LME) models (Pinheiro & Bates 2000) after the graphical exploration of possible nonlinearity of covariates using additive models (Hastie & Tibshirani 1990) . Our main quantity of interest is litter composition in terms of sex and litter size, which we fitted as a six-level factor (litter composition: M, F, M(M), F(F), M(F), F(M); M, male; F, female; sibling sex given in brackets for twins). After the establishment of significant differences between factor levels of the main effect of interest (litter composition), orthogonal contrasts were designed (tables S3 and S4 in electronic supplementary material) to enable the comparison of individual combinations of litter composition within both the calf and foetus models (Crawley 1993) . In addition, we included other factors that may affect mass, such as year (categorical), Julian date, age of calf (in hours) and maternal age (in years; available only for the foetus data). The significance of each factor and their interactions was assessed by stepwise backwards regression from the full model (Crawley 1993) . Year levels were collapsed if they were not significantly different from one another and if model deviance did not significantly increase (Crawley 2002) . We nested individual offspring weights within sibling pairs by adding litter identity as a random factor within the LME models to control for dependency of offspring from the same litter (Pinheiro & Bates 2000) .
When testing for differences in the extent of sexual dimorphism, we ran a linear model fitted with (ln) offspring weight as a response variable, but with litter size and sex (not litter composition) as explanatory variables. When error structure followed a gamma instead of a normal distribution, generalized linear models with gamma error distribution were fitted (Crawley 1993 
RESULTS (a) Calves
The average body mass (s.e.) of newborn saiga antelopes was 3.49 kg (0.016), varying from 2.1 to 4.8 kg (table S1 in electronic supplementary material). Of these, 74.7% of litters were singletons, 25.0% were twins and 0.3% were triplets (nZ696 litters; total sample with known litter size). Average total litter mass for twins was 6.71 kg (5.1-8.7 kg, nZ116 litters), while the mass of the only triplet litter was 10.6 kg. Triplets were excluded from further analyses. Differences in weight between litter compositions (F, M, F(F), F(M), M(F) and M(M)) were found to be highly significant overall (ANOVA: F 5,619 Z25.5, p!0.001). The observed number of mixed litters did not significantly vary from the expected numbers (c 2 Z1.675, n.s., NZ131). The model explained 24.6% (adjusted R 2 ) of the variation in offspring body mass (for test statistics, see table S3 of electronic supplementary material). Singletons were consistently heavier than individual twins (figure 1, contrast 1 in table S3 of electronic supplementary material). Male offspring were consistently heavier than female offspring (figure 1, contrasts 2 and 3 in table S3 of electronic supplementary material). Sexual dimorphism was more pronounced in twins (mean difference 0.315 kg) than in singletons (mean difference 0.222 kg; GLM: litter size and sex interaction: F 1,621 Z2.048, pZ0.041), but differed depending on sex composition of the litter. If calves were ranked by weight within mixed litters, male calves had higher or equal rank in 78.5% of cases (c 2 Z21.06, p!0.001, NZ65). Male-male twins tended to be heavier than males with a female sibling (figure 1, contrast 5 in table S3 of electronic supplementary material). By contrast, female offspring were of similar mass, irrespective of sibling sex (figure 1, contrast 4 in table S3 of electronic supplementary material). Body mass of offspring varied between years, being smaller in 2005 compared with 2003 and 2004. Age was included in the model to control for possible bias; older calves were heavier than younger ones. The later a calf was sampled in May, the heavier it was.
(b) Foetuses
The average body mass of foetuses (sampled one to four weeks prior to birth) was 2.29 kgG0.024 (s.e.), varying from 0.6 to 4.8 kg (table S2 of electronic supplementary material). Of these, 34.5% of litters were singletons, 64.4% were twins and 1.1% were triplets (nZ632 litters). Triplets were excluded from further analyses. Differences in weight between litter compositions (F, M, F(F), F(M), M(F) and M(M)) were found to be highly significant overall (ANOVA: F 5,713 Z2.9, pZ0.013). The observed number of mixed litters did not significantly vary from the expected numbers (c 2 Z0.058, n.s., NZ274). The model for saiga foetuses explained 59.1% (adjusted R 2 ) of the variation in foetus body mass; a large part of Maternal allocation in the saiga antelope A. Kü hl et al. 1295 which can be attributed to year effects (for test statistics, see table S4 of electronic supplementary material). Males were heavier than females in both singletons and twins (figure 1, contrasts 2 and 3 in table S4 of electronic supplementary material). Neither the extent of sexual dimorphism nor any of the other contrasts were found to be significant; however, the overall allocation pattern was qualitatively consistent with the one for calves (figure 1). Maternal age did not explain a significant amount of the variance in foetal weight and could be removed from the final model. The sample size for adult female weight was too small to test for the effects on foetus weight of different litter compositions. Foetuses were significantly heavier in 1968, 1969, 1972 and 1978 than in other years (table S4 in electronic supplementary material).
DISCUSSION
In polygynous mammals, life-history theory predicts that male offspring benefit more from extra allocation of maternal resources than females ( Trivers 1972) ; however, little is known about potential limitations to sex-specific allocation. Saiga litter mass accounted for 17% of adult female body mass on average, which is the highest reproductive output reported among ungulates (Robbins & Robbins 1979; Byers & Moodie 1990) . Saiga antelopes are big spenders, nevertheless they consistently allocated more resources to male than female offspring, and we can thus reject the big spender constraint hypothesis, which was developed from studies of pronghorns (Byers & Moodie 1990) . The lack of sex-specific investment in pronghorn must therefore be related to factors other than their high overall reproductive investment. One of those factors may be the intrauterine allocation mechanism of pronghorn whereby twins are invariably produced; this clearly warrants further study.
We are the first to report that the mass difference between male and female calves was larger for twins than for singletons. In addition, males were consistently larger than females, even within the same litter, suggesting that females are indeed able to target resources preferentially to males, even in utero. Furthermore, male offspring from female-male twin pairs tended to be smaller than those from a pure malemale pair (figure 1). This could suggest a penalty of having a sister and provide support for the allocation constraint hypothesis, whereby mothers have greater difficulty in optimally allocating resources to mixed sex pairs than single sex pairs. This would result in a suboptimal weight of the male foetus in female-male twin pairs. However, another potential explanation is that mothers with male-male offspring are of higher quality (Cassinello & Gomendio 1996) . A foetus-driven process of hormonal or sibling interaction may also have led to the observed pattern, such as cumulative testosterone secretion by male foetuses leading to increased levels of maternal investment (Uller 2006) . However, ultimately, resource allocation in utero is under maternal control, with the possibility of selective abortion under conditions of resource shortage (Alexander 1974) . In contrast to males, resource allocation to female offspring was unrelated to sibling sex. Differences in offspring weight between years are likely to be due to environmental differences (Bekenov et al. 1998; Coulson et al. 2000) . The observed pattern is qualitatively the same for late-stage foetuses and newborn calves. The relatively high level of variability in the foetus weight data (see s.e. in figure 1 ) is likely to be due to the less accurate scales used for weighing foetuses, combined with the overall lower weight of foetuses and thus smaller differences in weight between individuals. This is likely to have contributed to the lack of significant differences between litter composition contrasts. The range of dates on which animals were sampled is also likely to have reduced the potential to discern effects.
Despite the Kalmykian and Betpak-dala populations being separated over a thousand kilometres and despite there being a 30-40-year gap between the sampling, the allocation pattern observed does not vary between the two sites. The Kalmykian saiga population has historically had a lower twinning rate than the Betpak-dala population (Sokolov & Zhirnov 1998) . However, the extremely low twinning rates of approximately 25% described here for the Kalmykian population are lower than ever reported. This is likely to be the result of poaching pressure. First-year saiga females tend to give birth to singletons, whereas older females tend to give birth to twins ( Fadeev & Sludskii 1982) . A relative reduction in twins is thus likely to reflect a younger adult female population, the expected outcome of overharvesting. But even the extreme decline in population size, which has affected saigas throughout their range within the last decade ( Milner-Gulland et al. 2001 , does not appear to have had an impact on the fundamental reproductive pattern of maternal allocation presented.
Increases in sexual dimorphism among species are accompanied by decreases in the number of offspring per litter (Carranza 1996) . In birds, parents are predicted to adjust their maternal resource allocation and even sex ratio according to rank within the brood (Carranza 2004) . However, in mammals, there is very little empirical evidence and no specific theory regarding patterns of within-litter prenatal investment. Part of the reason for the general lack of theory and evidence is that only a limited number of highly dimorphic mammal species bearing multiple offspring per reproductive attempt exist to test hypotheses about maternal allocation. Maternal effort in individuals with varying litter size has been explored in a weakly sexually dimorphic species, the moose (Alces alces), but sample sizes were small and no clear pattern was observed ( Nygren & Kojola 1997; Säde 2004) . The wellknown Williams (1979) hypothesis, referring to investment in total litters, predicts a sequence of litter type of F!M!FF!FM!MM and so forth as maternal condition increases. Maternal allocation within saigas followed this sequence qualitatively; however, FM litters were closer in mass to FF than to MM (figure 1). The same trend was observed in another highly dimorphic species, the Saharan arrui (Ammotragus lervia sahariensis), where FM litters did not differ from FF pairs in mass and were far smaller than MM litters overall (Cassinello & Gomendio 1996) . Similarly, wild boar (Sus scrofa), the only species with large litters tested to date, appears to fit Williams' sequence ( Fernandez-Llario et al. 1999) . However, individual mass within litters was not reported in either study.
Our results show that in mixed twins, both the female and the male are lighter than their single sex twin counterparts, but much more so for males. Given that condition at birth is likely to be correlated with condition in adulthood in polygynous ungulates (Clutton-Brock et al. 1982) , mixed litter individuals are expected to have a lower reproductive success. Compared with their female sibling, mixed litter males are likely to suffer markedly from a lower level of reproductive success due to the importance of body mass in securing mating opportunities for polygynous males. Future research should investigate how reproductive success varies between litter compositions and whether there is a correlation between maternal condition and production of single sex litters. One might suspect that it would be disadvantageous for any female, of whatever condition, to give birth to a mixed litter, especially if mixed litter males have a lower reproductive success than an average twin female. Despite this, we see no evidence for selective abortion in saiga antelopes; the number of mixed litters does not vary significantly from the predicted number in either calves or foetuses (table S1 and S2 in electronic supplementary material).
Evolutionary theories of optimal sex ratio adjustment have often been confronted with possible constraints regarding the proximate mechanism by which offspring sex can be determined ( West & Sheldon 2002) . However, little attention has been paid to potential constraints on sex-specific investment in offspring. After birth, it is easy to see that access to milk can be used as a mechanism by the female to bias her resource investment towards a certain sex, even in mixed litters; however, the mechanism involved in utero is less obvious. Williams (1979) ignored constraints on both post-natal and prenatal investment patterns when predicting total litter resource allocation (e.g. FF, FM or MM). Our study highlights the ability of big spenders to adaptively adjust maternal investment depending on the sex of offspring and that even mothers Maternal allocation in the saiga antelope A. Kü hl et al. 1297 with twins have the ability to target extra resources to the male offspring prenatally. An explicit focus on potential constraints such as in our paper will improve our understanding of how both evolutionary and proximate mechanisms can jointly affect sex-specific investment patterns. 
